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ABSTRACT 
Growing interests have been devoted to the synthesis of polymer acceptors as alternatives to 
fullerene derivatives to realize high-performance and stable all-polymer solar cells (all-PSCs). So far, 





). One potential solution is to improve the dielectric constants (εr) of polymer:polymer 
blends, which tend to reduce the binding energy of excitons, thus boosting the exciton dissociation 
efficiencies. Nevertheless, the correlation between εr and photovoltaic performance has been rarely 
investigated for all-PSCs. In this work, five fluorinated naphthalene diimide (NDI)-based acceptor 
polymers, with different content of fluorine were synthesized. The incorporation of fluorine 
increased the εr of the acceptor polymers and blend films, which improved the charge generation and 
overall photocurrent of the all-PSCs. As a result, the PTB7-Th:PNDI-FT10 all-PSC attained a high 
power conversion efficiency (PCE) of 7.3% with a photocurrent density of 14.7 mA/cm
2
, which 
surpassed the values reported for the all-PSC based on the non-fluorinated acceptor PNDI-T10. 
Interestingly, similarly high photovoltaic performance was maintained regardless of a large variation 
of donor:acceptor ratios, which revealed the good morphological tolerance and the potential for 
robust production capability of all-PSCs. 
 




Organic photovoltaic (OPV) devices are promising candidates for solar energy conversion 
technology due to their potential to provide low cost, large-area and flexible solar panels with 
relatively short energy payback time.[1,2] In the past few years, OPV devices based on bulk-
heterojunction (BHJ) active layers achieved power conversion efficiencies (PCEs) exceeding 
13%.[3-6] The donor materials were mainly based on conjugated polymers or small molecules, and 
the most commonly used acceptor materials were fullerene derivatives (e.g. PCBM). However, 
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extensive research revealed that fullerene derivatives have serious drawbacks.[7-9] Driven by the 
need to develop alternative acceptor materials, all-polymer solar cells (all-PSCs), containing BHJ 
active layers based on conjugated polymers as both electron-donor (D) and electron-acceptor (A), 
have drawn tremendous attention in the last five years.[10-12] All-PSCs feature intrinsic advantages 
such as potentially low synthetic cost, tunable band gaps to realize complementary absorption spectra 
which enhance light harvesting, appropriate energy levels to maximize open-circuit voltage (Voc),[13] 
good morphological stability[14] as well as robust mechanical properties.[15] Growing efforts to 
synthesize new acceptor polymers,[16-25] led to the improvement of the PCEs of all-PSCs from 3% 
to 10% within the past five years.[13,26-33] Nevertheless, the performance of all-PSCs still lags 
behind the state-of-the-art polymer:PCBM solar cells.[34] Although relatively high Voc > 1.1 V[13] 
and fill factor (FF) > 0.7 [23,27,29] have been achieved for all-PSCs, their performance is 
constrained because the short-circuit current densities (Jsc) remain generally lower than those of the 
PCBM-based PSCs.[3,35,36] Despite the fact that all-PSCs have the advantages of incorporating 
donor and acceptor polymers with complementary absorption spectra,[14,27] low absorption 
coefficients and imperfect exciton dissociation of naphthalene diimide (NDI)-based acceptor 
polymers still limit the improvement in Jsc.[24] 
Relative dielectric constants (εr) of photovoltaic materials can play a critical role on the performance 
of PSCs.[37] Compared to inorganic semiconductors with εr in the range of 10–16, conjugated 
polymers generally feature much lower εr in the range of 3−6. PCBM also shows low εr of around 
4.[38] Thus, the εr of polymer:PCBM blend films usually fall in the range of 4−8.[38,39] Owing to 
the low εr of organic photovoltaic materials, a charge transfer (CT) state is believed to appear upon 
photoexcitation, where excitons are formed as bound hole and electron pairs with high binding 
energy in the order of 100 meV.[37] It has been suggested that increasing the εr of organic 
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semiconductors can reduce the exciton binding energy and lead to more efficient exciton dissociation, 
thereby boosting Jsc and PCEs of PSCs.[37] So far, a few molecular design approaches have been 
applied to improve εr of conjugated materials. One is to attach highly polar substituents (cyano 
groups or oligoethylene glycol side chains) on conjugated materials or fullerene derivatives.[40-42] 
Very recently, Kim et al developed a new class of acceptor polymers which incorporated polar 
electron-withdrawing cyanovinylene groups on NDI units. The acceptor polymers promoted the 
exciton dissociation and electron transport, leading to a high PCE of 7.4% in all-PSCs.[43] 
Incorporation of fluorine atoms on polymer backbones has also been used as another method to 
enhance εr.[44,45] The dipole moments associated with C-F bonds may impart net dipole moments to 
the polymers, thereby increasing εr.[46] Luscombe et al reported a fluorinated quinoxaline-based 
polymer which attained a record-breaking εr of 7.9, but the PCBM-based PSCs gave a moderate PCE 
of 4%.[39] On the other hand, some high-performing donor polymers such as PTB7 and PCDTBT 
only presented low εr of around 3.[38] It is still puzzling to directly correlate the device performance 
of solar cells with the structural modulations of the materials and the resulting εr, because the device 
parameters are also strongly influenced by other factors such as absorption coefficients, film 
morphology, energy offsets, and mobilities in the active layers. Only few studies have been 
performed on the correlation between the εr of polymers and the photovoltaic performance of 
polymer:PCBM solar cells.[38,40,47-50] Especially, there is a dearth of investigation on how the εr 
of acceptor polymers could influence the performance of all-PSCs. 
In order to improve the εr of polymer:polymer blends and study the influence of εr on device 
parameters, exciton dissociation and recombination losses of all-PSCs, we synthesized five 
fluorinated NDI-based acceptor polymers (F-N2200, PNDI-FTx and PNDI-F45T10) (Scheme 1). We 
performed a detailed comparison between the non-fluorinated acceptor polymers N2200[51] and 
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PNDI-T10[23], and the corresponding fluorinated acceptor polymers. The high-performing polymer 
poly[4,8-bis[5-(2-ethylhexyl)-2-thienyl]benzo[1,2-b:4,5-b']dithiophene-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene)-2-carboxylate-2,6-diyl]] (PTB7-Th) was used as donor in this study. 
We found that the fluorinated polymers and the corresponding blend films presented higher εr 
compared to the non-fluorinated counterparts. The all-PSC based on the fluorinated acceptor PNDI-
FT10 attained a high FF of 0.68 and a high PCE of 7.3%. It gave one of the highest Jsc (14.7 mA/cm
2
) 
among all-PSCs, which is 14% higher than that of the all-PSCs based on the non-fluorinated PNDI-
T10. Interestingly, the PTB7-Th:PNDI-FT10 all-PSCs could retain relatively high photovoltaic 
performance with a large variation of D:A ratios, indicating good morphological tolerance in this 
system, which is rarely observed in all-PSCs. 
2. Results and discussion 
2.1 Polymer synthesis  
The synthetic routes of the fluorinated acceptor polymers are depicted in Scheme S1. The alternating 
poly[[N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-(3,3'-difluoro-
2,2'-bithiophene)-5,5'-diyl] (F-N2200) was prepared by the Stille coupling reaction among the 
monomers 2,6-dibromonaphthalene-1,4,5,8-tetracarboxylic-N,N'-bis(2-octyldodecyl)diimide 
(NDIBr2) and (3,3'-difluoro-(2,2'-bithiophene)-5,5'-diyl)bis(trimethylstannane)  (F-2T).[16] 
Motivated by our previous work,[23] different amounts of thiophene (T) units were introduced into 
the backbone of F-N2200 to afford a series of random copolymers PNDI-FTx (x stands for the 
percentage of the thiophene units relative to the total donor units). Polymer PNDI-F45T10 was 
synthesized by incorporating 10% of thiophene units and equal amounts (45%) of bithiophene (2T) 
and fluorinated bithiophene (F-2T) units in the backbone. The five polymers exhibited good 




Scheme 1. Chemical structures of the donor polymer PTB7-Th, fluorinated acceptor polymers (F-
N2200, PNDI-FT10, PNDI-FT20, PNDI-FT50 and PNDI-F45T10) and non-fluorinated acceptor 
polymers (N2200 and PNDI-T10). 
Molecular weights were measured via gel permeation chromatography (GPC) in 1,2,4-
trichlorobenzene at 150 °C. As summarized in Table 1, F-N2200 showed the lowest number-average 
molecular weight (Mn) of 51.6 kDa. Similar to our previous report, the random copolymers tended to 
have higher molecular weights.[23] By increasing the content of thiophene units, the Mn of PNDI-
FTx were gradually improved from 58.6 kDa for PNDI-FT10 to 84.7 kDa for PNDI-FT50. The 
increased Mn can be attributed to the more disordered backbones and improved solubility of the 
random copolymers. Polydispersity indices (PDIs) of around 2.0 were calculated for the five 
fluorinated acceptor polymers. Thermogravimetric analysis (TGA) of all five polymers revealed high 
thermal stability with decomposition temperature over 400 °C (Fig S1). Unlike the non-fluorinated 
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PNDI-Tx polymers, which exhibited clear melting and crystallization transitions in the differential 
scanning calorimetry (DSC) measurements,[23] none of the fluorinated polymers presented 
detectable thermal transitions in the temperature range of 0–320 °C (Fig S2). 












PTB7-Th 35.0 3.0 700 1.60 
N2200 [23] 30.5 3.8 698 1.44 
PNDI-T10 41.9 2.8 694 1.55 
F-N2200 51.6 1.9 684 1.55 
PNDI-FT10 58.6 2.2 679 1.57 
PNDI-FT20 78.8 2.2 648 1.58 
PNDI-FT50 84.7 2.1 626 1.60 
PNDI-F45T10 79.1 2.3 677 1.53 
a
Absorption peak in the thin film  
2.2 Optical and electrochemical properties 












































       


























































































































































































































Fig. 1. (a) Absorption coefficients of the polymers in oDCB solution. (b) Absorption coefficients of 
the polymers in thin films. (c) Absorption coefficients of the blend films (w/w = 1:1) (d) Energy 
level diagram of the polymers and the corresponding Voc of the all-PSCs. 
The absorption spectra of the donor and acceptor polymers were measured via UV-Vis-NIR 
absorption spectroscopy. As depicted in Fig 1a and Fig 1b, all acceptor polymers featured two 
distinct absorption bands at 350–450 nm and 450–850 nm, which stem from the excitations with the 
π–π* manifolds and correspond to the transitions with local (NDI) and intramolecular charge transfer 
(ICT) character, respectively.[23] Owing to the enhanced π–π stacking and intermolecular 
interactions in the solid state, red-shifted absorption spectra were found for all the polymers as 
compared to the spectra in solution. Both in solution and films, the donor polymer PTB7-Th 
presented much higher absorption coefficients than those of the acceptor polymers, indicating that 
PTB7-Th had the predominant absorption contribution in these donor:acceptor blends. The blend 






 at 693 nm (Fig 1c). It was 
noticed that the blend films based on the fluorinated F-N2200 and PNDI-FT10 displayed slightly 
higher absorption coefficients than the blends based on the non-fluorinated N2200 and PNDI-T10, 
although the fluorinated polymers showed slightly blue-shifted absorption spectra. In addition, 
temperature-dependent absorbance measurements were performed to study the aggregation 
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behaviour of the polymers in solution (Fig S3). PTB7-Th, N2200 and F-N2200 showed large 
decreases in the long wavelength absorption maximum, and blue-shifted absorption edges during the 
warming process from 20 °C to 100 °C. This indicated that these polymers formed strong aggregates 
in solution at room temperature, which were gradually disaggregated at higher temperature. In 
contrast, reduced aggregation was observed in the solution of all random copolymers, since smaller 
changes in the absorption profiles were found, where the absorption shoulders gradually declined and 
finally disappeared at high temperature. Especially, PNDI-FT50 with the most disordered backbones 
showed nearly the same absorption profiles during the warming process from 20 °C to 100 °C, 
implying limited aggregation in the solution. The optical band gaps (Eg) of the acceptor polymers 
were around 1.53–1.60 eV, which were determined from the absorption onsets of the thin films 
(Table 1).  
As energy levels of conjugated polymers are vital for determining Voc of all-PSCs, the highest 
occupied molecular orbital (HOMO) levels and the lowest unoccupied molecular orbital (LUMO) 
levels were evaluated by using square wave voltammetry (SWV) measurements (Fig S4). As 
depicted in the energy level diagram (Fig 1d), the fluorinated polymers exhibited low-lying LUMO 
levels compared to the corresponding non-fluorinated polymers, which can be attributed to the strong 
electron-withdrawing property of fluorine.[52] Since the Voc of a solar cell is roughly linear to the 
offsets between the HOMO level of donor and the LUMO level of acceptor, a lower Voc is expected 
to be obtained from the all-PSCs based on the fluorinated acceptor polymers. We also found that the 
LUMO levels of the fluorinated polymers were gradually up-shifted with the decrease in the content 
of the F-2T units. This trend agrees well with the previous observation in literature.[53] On the other 
hand, the HOMO levels of the acceptor polymers stayed around –6.40 eV with only small variations.  
2.3 Photovoltaic Properties 
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Fig. 2. (a) J–V characteristics and (b) the corresponding EQE spectra of the inverted all-PSCs.  
Both conventional and inverted all-PSCs were fabricated to evaluate the photovoltaic performance of 
the acceptor polymers. Our previous report revealed that the conventional all-PSCs fabricated from 
PTB7-Th:N2200 and PTB7-Th:PNDI-T10 exhibited superior performance compared to the inverted 
devices.[23] In contrast, this work presented that the fluorinated acceptor polymers performed better 
in the inverted all-PSCs as compared to the conventional devices (Fig S5a and Fig S5b). One of the 
reasons may stem from the different vertical phase separation induced by the reduced surface tension 
of fluorinated acceptor polymers, where the lower surface tension may promote acceptor polymers 
move toward the ITO cathode, and improve the electron extraction in inverted devices.[18,54,55] Fig 
2a shows the current density–voltage (J–V) curves of the inverted all-PSCs with the device 
configuration of ITO/ZnO (40 nm)/active layer/MoO3 (10 nm)/Ag (100 nm) under an illumination of 
AM 1.5G simulated solar light at 100 mW/cm
2
. The device parameters (active layer thickness, Voc, 
Jsc, FF and PCEs) are summarized in Table 2. The variations of Voc of the all-PSCs based on 
different acceptor polymers can be well explained by the changes of the LUMO levels of the 
acceptor polymers as discussed in the electrochemical section (Fig 1d). Both the F-N2200- and 
PNDI-FT10-based all-PSCs exhibited 0.09 V lower Voc, compared to the corresponding non-
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fluorinated N2200- and PNDI-T10-based all-PSCs, respectively. On the other hand, the improved Jsc 
of 12.9 mA/cm
2
 and FF of 0.58 resulted in a higher PCE of 5.4% for the F-N2200-based all-PSCs as 
compared to the non-fluorinated analogue. Similarly, the all-PSCs based on the fluorinated random 
copolymer PNDI-FT10 (D:A ratio = 1:1 and 2.5:1) also achieved enhanced Jsc at the expense of Voc 
as compared with the all-PSC based on the non-fluorinated polymer PNDI-T10.  

















 90 0.81 9.4 (8.7)
d










 90 0.72 12.9 (12.3) 0.58 5.4 
PTB7-Th:PNDI-FT10 (1:1)
b
























 90 0.74 11.8 (11.8) 0.53 4.6 
PTB7-Th:PNDI-FT50 (1:1)
b
 85 0.77 5.6 (5.6) 0.49 2.1 
PTB7-Th:PNDI-F45T10 (1:1)
b
 92 0.78 12.4 (11.6) 0.54 5.2 
a Conventional device structure: ITO/PEDOT:PSS (40 nm)/active layer/LiF (1 nm)/Al (100 nm)  
b




Photocurrent density obtained by integrating the EQE with the AM1.5G 
spectrum are given in the parentheses 
e 
The average PCE from ten devices  
Motivated by our previous work, thermal annealing (TA) and solvent annealing (SA) of the active 
layers were employed to optimize the morphology and improve the performance of the all-PSCs.[23] 
We noticed that TA at 80 °C for 5 min can improve the device performance of the PTB7-Th:PNDI-
FT10 all-PSCs from 5.0% to 6.1%, but further extending TA time or increasing TA temperature led 
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to lower performance (Table S1). Upon SA with oDCB for 1.5 h, nearly the same Voc and Jsc, but 
clearly enhanced FF were observed in the PTB7-Th:PNDI-FT10 all-PSCs with two D:A ratios of 1:1 
and 2.5:1, which led to the enhanced PCEs of 7.2% and 7.3%, respectively. The PTB7-Th:PNDI-T10 
all-PSC showed a slightly lower PCE of 6.9% compared to our previous report, mainly due to the 
lower Mn of PNDI-T10 used in this work.[23] It is worth noting that the Jsc of 14.7 mA/cm
2 
is one of 
the highest values recorded for all-PSCs to date. Interestingly, the two all-PSCs based on the 
fluorinated acceptors F-N2200 and PNDI-FT10 afforded clearly higher Jsc as compared to the 
corresponding non-fluorinated acceptors N2200 and PNDI-T10. To understand the reasons behind, 
we decided to investigate the film morphology, εr, binding energy, quenching efficiency and 
recombination losses in the next sections. In addition, a preliminary stability test was performed in 
this work. Undesired fast decay in PCEs was recorded from the inverted PTB7-Th:PNDI-FT10 all-










































































































Fig. 3. Device parameters of the PTB7-Th:PNDI-FT10 all-PSCs as a function of D:A ratios. 
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Generally, D:A ratios can largely influence the performance of polymer:PCBM solar cells, where the 
best performance can be achieved for a certain D:A ratio or with only small variations. In this work, 
we studied the influence of variations in D:A ratios on the photovoltaic performance of all-PSCs. To 
this end, PTB7-Th:PNDI-FT10 all-PSCs with large variations in the D:A ratios from 6:1 to 1:2 were 
fabricated in this work. The photovoltaic parameters of the all-PSCs are depicted in Fig 3 and Fig 
S5c. When the D:A ratios were varied from 6:1 to 1:2, the Voc had almost no differences with values 
remaining around 0.73 V. Decent Jsc over 13 mA/cm
2
 and FF above 0.5 can be maintained for the 
D:A ratios from 4:1 to 1:1.3, leading to PCEs over 5%. The best performing devices exhibited high 
PCEs over 7% and were achieved for two D:A ratios of 2.5:1 and 1:1. Surprisingly, even at the 
extreme D:A ratio of 6:1, the all-PSC still retained a decent PCE of 4.3%, implying an efficient 
exciton diffusion, charge generation and charge transport in this system. Several studies aimed at 
reducing the content of PCBM in polymer:PCBM solar cells revealed that the photovoltaic 
performance was not very sensitive for large variations in D:A ratios.[56-59] However, none of the 
all-PSCs have shown this property with high PCEs over 4%.[60] Our finding grants one more 
advantage for all-PSCs in mass production, since precise control of D:A ratios is not required in this 
system. 
The external quantum efficiencies (EQEs) were measured to evaluate the spectral response of the all-
PSCs and the accuracy of the photocurrent density from the J–V measurements. As shown in Fig 2b 
and Fig S5d, the all-PSCs exhibited EQE response in the wavelength region of 350–850 nm, which 
were consistent with the absorption spectra of the corresponding blend films. Among these all-PSCs, 
the PTB7-Th:PNDI-FT10 solar cells with the D:A ratios of 2.5:1 and 1:1 presented relatively high 
EQEs with the maximum EQE over 70% in the wavelength region of 600–700 nm. It was noticed 
that the EQE profiles of the PTB7-Th:PNDI-FT10 all-PSCs varied with D:A ratios, which can be 
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attributed to the different absorption contributions from the donor and acceptor polymers in the 
active layers. The photocurrent density, as calculated by integrating the EQE spectra with AM 1.5G 
solar spectrum, was in good agreement with the corresponding Jsc from the J–V measurements with 
mismatches less than 7% (Table 2), which confirmed the accuracy of the measured photovoltaic 
performance. 





















































































































Fig. 4. (a) In-plane and out-of-plane line cuts of GIWAXS patterns of the blend films. (b) π−π 
coherence lengths of the neat polymer and blend films.  
As the morphology of active layers is determinative for the photovoltaic performance, 2D grazing 
incidence wide angle X-ray scattering (GIWAXS) and atomic force microscopy (AFM) were 
employed to investigate the surface roughness, phase separation, polymer orientation and crystalline 
texture.[61] As shown in the 2D GIWAXS patterns and the corresponding line cuts of the neat 





 due to the lamellar stacking were located at the in-plane (IP) direction, while the corresponding 
(010) diffraction peaks at qz ≈ 1.60–1.70 Å
−1 
due to the π–π stacking were located at the out-of-plane 
(OOP) direction. This indicated that the two polymers in each blend tended to have strong 
preferential face-on orientation relative to the electrodes, which mostly retained the same orientation 
with the corresponding pristine polymers. To compare the π−π stacking characteristics of the neat 
polymer and blend films in the charge transport direction (perpendicular to the electrodes), the π–π 
coherence lengths (CL) were calculated using the full width at half maximum (FWHM) of the (010) 
diffraction peak via the Scherrer equation.[62] As summarized in Fig 4b and Table S3, increasing 
the content of thiophene units in the polymer backbones gradually reduced the CL of the neat 
polymer films, from 2.52 nm for F-N2200, to 1.35 nm for PNDI-FT50. This was a clear indication of 
decreased crystallinity of the polymers, which should stem from the gradually increased disorder of 
the polymer backbones. Moreover, the same trend for the CL changes was found in the different 
blend films with the D:A ratio of 1:1, where the CL values gradually declined from 1.85 nm for the 
PTB7-Th:F-N2200 blend, to 1.31 nm for the PTB7-Th:PNDI-FT50 blend, implying that increased 
disorder in acceptor polymers also suppressed the π−π stacking of the polymers in the blends. In 
addition, increases in π−π stacking distance were also found along with the increased disorder in the 
acceptor polymers (Table S4). As depicted in Fig S8, the AFM images from the PTB7-Th:F-N2200 
and PTB7-Th:PNDI-FT10 blends with 1:1 ratio showed tiny fiber-like microstructures and small 
phase segregation with root-mean-square (RMS) roughness of 2.0 nm and 1.6 nm, respectively. In 
contrast, the PTB7-Th:PNDI-FT20 and PTB7-Th:PNDI-FT50 blends presented larger aggregates and 
phase separation with higher RMS roughness of 2.2 and 4.1 nm, respectively, implying larger phase 
separation. The smaller CL and larger phase separation in the PTB7-Th:PNDI-FT20 and PTB7-
Th:PNDI-FT50 blends were unfavorable for exciton dissociation and charge transport, which 
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reduced the overall photovoltaic performance. The PTB7-Th:PNDI-F45T10 (1:1) blend showed a 
moderate CL of 1.61 nm and RMS roughness of 1.9 nm, which may partially explain its medium 
performance.  
In addition, as SA largely improved the performance of the PTB7-Th:PNDI-FT10 all-PSCs, we also 
investigated how it affected the blend morphology. Similar to our previous report on the PTB7-
Th:PNDI-T10 blend,[23] SA can improve the π−π stacking of the PTB7-Th:PNDI-FT10 blends, as 
the (010) out-of-plane diffraction peaks were clearly enhanced after SA due to the extra time for 
polymer chain rearrangement. Upon SA, we noted that the CL of the PTB7-Th:F-N2200 (1.85 nm) 
and PTB7-Th:PNDI-FT10 (1.64 nm) blends were smaller than those of PTB7-Th:N2200 (1.96 nm) 
and PTB7-Th:PNDI-T10 (2.05 nm) blends,[23] probably due to the less crystalline behavior of the 
two fluorinated acceptor polymers. This is in agreement with the DSC results above, where the 
fluorinated F-N2200 and PNDI-FT10 presented no detectable thermal transitions but the non-
fluorinated N2200 and PNDI-T10 exhibited clear melting and crystallization transitions.[23] With 
respect to the morphological changes of blend films resulting from fluorinated polymers, Woo et al 
demonstrated that it can be revealed by measuring the surface tension of polymers and estimating the 
interfacial tension (γ) between donor and acceptor polymers. Fluorinated acceptor polymers usually 
tend to decrease the surface tension. If similar surface tension is received in a donor and acceptor 
combination, the lower γ could promote well-intermixed blend morphology with small phase 
separation.[55,63] 
At last, we investigated how the D:A ratios influence the morphology of the PTB7-Th:PNDI-FT10 
blends. Interestingly, when the D:A ratios varied from 6:1 to 1:2 in the blend films, there was no 
significant change in the CL (1.50–1.70 nm), which indicated good miscibility of the two polymers. 
As shown in the AFM images, the PTB7-Th:PNDI-FT10 blend films with D:A ratios of 2.5:1 and 
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1:1 presented very similar surface morphology with tiny fibre-like features and relatively low RMS 
roughness of 1.4 and 1.6 nm, respectively. In contrast, the blends from the extreme D:A ratios of 6:1 
and 1:2 exhibited larger and more segregated domains with higher RMS roughness of 3.2 nm and 3.6 
nm, respectively. The fine phase separation can increase the D:A interface area and facilitate the 
exciton dissociation. The different morphology disclosed by the GIWAXS and AFM measurements 
can partially explain the performance of the all-PSCs under the varied D:A ratios.   



































































Fig. 5. (a) Relative dielectric constants versus frequency for the neat polymers. (b) Relative dielectric 
constants versus frequency for the blend films. 
In order to further understand the origin of the photovoltaic performance described above, we 
measured the εr of the neat polymer and blend films by spectral impedance measurements. Using an 
equivalent circuit model, the average εr was determined by fitting over the frequency range of 1kHz–
1GHz. Fig 5 and Fig. S9 depict the frequency-dependent εr in the pristine polymer and blend films. 
As summarized in Table 3, the neat polymer and blend films of the fluorinated polymers F-N2200 
and PNDI-FT10 showed clearly higher εr as compared to the non-fluorinated polymers N2200 and 
PNDI-T10. As the content of the fluorinated units increased, the average εr of the blend films 
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gradually increased from 3.28 for PTB7-Th:PNDI-F45T10 to 4.27 for PTB7-Th:F-N2200. This can 
be attributed to the increased polarity of the fluorinated polymer backbones.[39,44,46] In PSCs, 
excitons should overcome the binding energy of CT state ( CT
BE ) to dissociate into free charges 
within the lifetime. Therefore, CT
BE is an influential factor for the charge generation and overall 
photocurrent.[64] CT










                        (1) 
where q is the elemental electron charge, ε0 is the vacuum dielectric constant, εr is the relative 
dielectric constant of the blend film and r is the radius of average diameter for electron-hole 
separation. Here, r = 1.5 nm was used to calculate εr, which is the commonly used value in organic 
solar cells.[44,65] Owing to the improved εr, the blend films based on the fluorinated acceptors 
featured lower CT
BE compared to the blend films based on the non-fluorinated acceptors, which can 
facilitate the exciton dissociation (Table 3). This is probably one of the reasons for the increased Jsc 
in the all-PSCs based on the fluorinated acceptor polymers. 




















































































































εr of the blend film with fitting error of ± 0.01 
b 
Calculated for r = 1.5 nm.  
 c
 SCLC mobilities calculated from the measured εr. 
d 
SCLC mobilities calculated from the εr of 3. 
The hole and electron mobilities (μh and μe) of the blend films were measured by using the space 









                         (2) 
where J is the current density, μ is the charge mobility at zero field, ε0 is the free-space dielectric 
constant, εr is the relative dielectric constant of the polymer blend, d is the thickness of the active 
layer, and V is the effective voltage V–Vbi. We note that a εr of 3 is usually used to calculate the 
mobilities of conjugated polymers in literature.[66] Since we measured the actual εr of each blend 
film in this work, the mobilities can be calculated in a more precise way by using the actual εr. The μh 
and μe can be fitted from the slope of the J
1/2
–V curve. The J−V curves and SCLC fits are 
summarized in Fig S10. As summarized in Table 3, the actual mobilities of the fluorinated polymer 
blends were slightly lower when the higher actual εr was used for calculation, instead of using the 









and well balanced μh and μe with low μh/μe. This indicated that mobility was not a limiting factor for 
photovoltaic performance in this system. It also revealed that the small differences in mobilities 
should not account for the clear improvement in the Jsc of the all-PSCs based on the fluorinated 
acceptor polymers. 
2.6 PL quenching characterization 
In order to study the efficiencies of exciton dissociation, photoluminescence (PL) quenching of the 
blend films were measured. As depicted in Fig 6, the PL peaks of the neat polymer PTB7-Th and the 
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acceptor polymers were around 766 nm and 835 nm, respectively. The steady-state PL quenching 





1PL                         (3) 
where PLblend and PLpolymer are the integral PL counts of the blends and neat polymer films, 
respectively. 
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Fig. 6. The proportional PL counts of the neat polymer and blend films. 
All polymer:polymer blends showed very high ΔPL relative to the donor polymer (ΔPLD) with the 
value over 95%, indicating that the excitons generated in PTB7-Th can be efficiently dissociated. On 
the other hand, the ΔPL relative to the acceptor polymers (ΔPLA) were slightly lower and the 
emission from the acceptor polymers at 835 nm were still observed in the blend films. The 
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fluorinated blends PTB7-Th:F-N2200 and PTB7-Th:PNDI-FT10 presented higher ΔPLA of 87% and 
95%, respectively, as compared to the two non-fluorinated blends PTB7-Th:N2200 and PTB7-
Th:PNDI-T10 with moderate ΔPLA of 65% and 80%, respectively.[23] As the PL from the donors 
was almost quenched in all the four blends, we infer that there were no large phase separation or big 
pure polymer domains in any of the blend films. Associated with the GIWAXS and AFM 
measurements, the blend films based on the fluorinated and non-fluorinated acceptor polymers 
presented very similar phase separation, domain sizes and crystal textures.[23] On this basis, the 
enhanced PL quenching efficiencies in the fluorinated blends can be explained by the reduced 
binding energy due to the higher εr. 
2.7 Recombination characterization 
In order to study the correlation between εr and recombination losses in this system, first, we 
quantified the bimolecular recombination by measuring the EQE profiles with and without the 
illumination of bias light (Fig S11 and Fig S12). Recent reports have proved that this is a more 
precise method as compared to measuring Jsc as a function of light intensity.[68,69] Because 
bimolecular recombination is strongly correlated with charge carrier density, a bias light can increase 
charge carrier density in a film and thus stimulate bimolecular recombination at short-circuit 
condition.[70] In this case, the EQE obtained under the bias light should decline as compared to the 
EQE without the bias light. The average bimolecular recombination efficiency (ηBR) over the whole 
EQE wavelength can quantitatively reflect the bimolecular recombination, which is denoted by ηBR = 
EQEnobias/EQEbias
 
– 1.[68,69] Fig 7a illustrates the average ηBR of the all-PSCs based on different 
acceptor polymers. Except for the high ηBR of around 13% from the N2200 and PNDI-FT50-based 
all-PSCs, the all-PSCs based on F-N2200, PNDI-FT10, PNDI-FT20 and PNDI-F45T10 gave 
similarly lower average ηBR of 3–6%, which indicated that bimolecular recombination did not 
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account for the main losses of Jsc in the latter four all-PSCs. For the PTB7-Th:PNDI-FT10 all-PSCs 
with different D:A ratios, low average ηBR within 5% were observed when the D:A ratios varied in a 
large range from 2.5:1 to 1:2 (Fig 7b). This revealed that the separated free charges were efficiently 
transported and collected by the electrodes, which was also consistent with the relatively high and 















































































































Fig. 7. (a) Average ηBR of the all-PSCs with different acceptor polymers (D:A ratios = 1:1). (b) 
Average ηBR of the PTB7-Th:PNDI-FT10 all-PSCs with different D:A ratios. 
In addition, we estimated geminate and total recombination losses from the Jsc, saturated 
photocurrent density (Jsat) and theoretical maximum photocurrent density (Jmax) of the PTB7-
Th:PNDI-T10 and PTB7-Th:PNDI-FT10 all-PSCs. The geminate recombination loss (ηG) was 
calculated by using the equation ηG = 1 – (Jsat/Jmax), and the total recombination loss (ηT) was 
calculated by using the equation ηT = 1 – (Jsc/Jmax). Since the best device performance was obtained 
from the conventional PTB7-Th:PNDI-T10 all-PSCs (6.9%) and the inverted PTB7-Th:PNDI-FT10 
all-PSCs (7.3%), we should point out that the corresponding photocurrent density was recorded from 
the best performing all-PSCs. The Jsat of the all-PSCs was recorded by applying reverse bias voltage 
up to –3 V during the JV measurements. As shown in Fig S13a, fast saturation of the photocurrent 
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was observed along the bias voltage for each all-PSC, indicating that the intrinsic driving force was 
high enough to extract most of the free charges to the electrodes, and the non-geminate 
recombination (e.g. bimolecular recombination and trap-assisted recombination) was not significant 
in the two all-PSCs. Compared to the PTB7-Th:PNDI-T10 all-PSC, the PTB7-Th:PNDI-FT10 all-
PSC exhibited slightly slower saturation of the photocurrent under reverse bias voltage, which 
suggested that larger non-geminate recombination loss existed in this solar cell. If we assume that all 
photons absorbed by the active layer can be converted to photocurrent (internal quantum yield is 
100%), the Jmax of the all-PSCs can be calculated by transfer matrix formalism (TMF) via integrating 
the simulated absorption spectrum of the active layer with an AM 1.5G spectrum.[71] Under the 
optimized active layer thickness of 95 nm, the simulated Jmax were 18.6 mA/cm
2
 and 18.7 mA/cm
2
 
for the conventional and inverted PTB7-Th:PNDI-FT10 all-PSCs, respectively. Lower Jmax of 16.8 
mA/cm
2
 and 16.6 mA/cm
2
 were obtained from the conventional and inverted PTB7-Th:PNDI-T10 
all-PSCs, respectively, which were recorded under the optimized active layer thickness of 90 nm. 
One of the reasons that led to the higher simulated Jmax of the PTB7-Th:PNDI-FT10 all-PSC, as 
compared to the PTB7-Th:PNDI-T10 all-PSC, may stem from its more efficient exciton dissociation 
and photon absorption, where the former was supported by the PL quenching measurements, and the 
latter was supported by the higher simulated absorptance of the photons in the PTB7-Th:PNDI-FT10 
active layers in both the conventional and inverted devices, as compared to the PTB7-Th:PNDI-T10 
active layers (Fig S13b).         























 12.9 13.6 16.8 19.0% 1.8% 23.2% 
PTB7-Th:PNDI-FT10 SA
b
 14.6 16.2 18.7 13.4% 3.3% 21.9% 
a





Inverted device structure: ITO/ZnO (40 nm)/active layer/MoO3 (10 nm)/Ag (100 nm) 
c
ηG = 1 – (Jsat/Jmax) 
d
ηT = 1 – (Jsc/Jmax) 
Table 4 summarizes the ηG, ηBR and ηT values for the PTB7-Th:PNDI-FT10 and PTB7-Th:PNDI-
T10 all-PSCs. Under the best operating condition of the devices, the all-PSCs with the fluorinated 
acceptor can reduce the geminate recombination (ηG ≈ 13.4% for PTB7-Th:PNDI-FT10 and ηG ≈ 
19.0% for PTB7-Th:PNDI-T10). This was mainly due to the higher εr and lower binding energy, 
leading to more efficient exciton dissociation and charge generation in the PTB7-Th:PNDI-FT10 
blend. Although a higher ηBR indicated more agitated bimolecular recombination in the PTB7-
Th:PNDI-FT10 all-PSC as compared to the PTB7-Th:PNDI-T10 all-PSC, the former still held a 
lower ηT. In brief, the improved Jsc of the PTB7-Th:PNDI-FT10 all-PSC can be attributed to the 
synergistic effects of more photon harvesting and more efficient exciton dissociation in the active 
layer.  
3. Conclusion 
In summary, we synthesized a series of fluorinated NDI-based acceptor polymers with the intention 
to modulate the crystallinity and εr of the polymer:polymer blends. Increasing the content of 
thiophene units gradually reduced the crystallinity and largely improved the molecular weights of 
these random copolymers. The fluorinated acceptor polymers presented enhanced εr, which tended to 
improve the charge generation and suppress the geminate recombination in the blends. Among the 
five fluorinated polymers, PNDI-FT10 featured desired miscibility with the donor PTB7-Th, more 
photon harvesting, improved exciton dissociation and less recombination losses, which 
synergistically led to the high PCE of 7.3%. The Jsc of 14.7 mA/cm
2
 is among the highest values in 
all-PSCs, surpassing the Jsc of 12.9 mA/cm
2
 recorded for the PTB7-Th:PNDI-T10 all-PSC. Provided 
that there are enough energy offsets and optimal morphology, further enhancing εr of acceptor 
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polymers can be a facile approach to boost Jsc and thus the PCEs of all-PSCs. This work opens a new 
avenue for molecular design of acceptor polymers for high-performance all-PSCs. We also have, for 
the first time, achieved high PCEs over 6% for a large variation of D:A ratios in the all-PSCs, which 
demonstrates good morphological tolerance and robust production capability of the all-PSCs.  
4. Experimental Section 
4.1 Material characterization 
GPC was carried out on an Agilent PL-GPC 220 Integrated High Temperature GPC/SEC System 
with refractive index and viscometer detectors using 3×PLgel 10 µm MIXED-B LS, 300×7.5 mm 
columns. The eluent was 1,2,4-trichlorobenzene at 150 °C. The molecular weights were calculated 
according to relative calibration with polystyrene standards. Thermogravimetric analysis (TGA) was 





at a heating rate of 10 °C
 
/min under N2 flow. Differential scanning calorimetry (DSC) was 
carried out on a METTLER TOLEDO differential scanning calorimeter DSC 2, from 0 °C
 
to 320 °C 
at a heating and cooling rate of 10 °C/min
 
under N2 flow. UV-Vis-NIR absorption spectra were 
measured with a PerkinElmer Lambda 900 UV-Vis-NIR absorption spectrometer. PL spectra were 
recorded by using an Andor spectrometer Shamrock SR-303i, coupled to a Newton EMCCD detector. 
Square wave voltammetry (SWV) measurements were carried out on a CH-Instruments 650A 
Electrochemical Workstation. A three-electrode setup was used with platinum wires for both the 
working electrode and counter electrode, and Ag/Ag
+
 was used for the reference electrode calibrated 
with a ferrocene/ferrocenyl couple (Fc/Fc
+
). A 0.1 M nitrogen-saturated solution of 
tetrabutylammonium hexafluorophosphate (Bu4NPF6) in anhydrous acetonitrile was used as the 




4.2 All-PSC fabrication and characterization 
Inverted all-PSCs were fabricated using an indium tin oxide (ITO)/ZnO (40 nm)/active layer/MoO3 
(10 nm)/Ag (100 nm) structure. Sol-gel ZnO was prepared by mixing zinc acetate dihydrate (0.5 M), 
ethanolamine (0.5 M) in 2-methoxy ethanol for 1 h at room temperature. Sol-gel ZnO (thickness of 
around 40 nm, determined by a Dektak 6 M surface profilometer) was spin-coated onto the ITO-
coated glass substrate at a spinning rate of 4000 rpm for 60 s, followed by annealing at 150 °C for 5 
min. The different weight ratios of the donor and acceptor polymers were dissolved in oDCB at 
70 °C overnight (the optimized ratio was 1:1). The active layer was then spin-coated from warm 
oDCB solution on top of the ZnO layer in a glove box. The total concentration of the solution was 15 
mg mL
−1
. After spin-coating, the active layers were solvent annealed under oDCB atmosphere for 
1.5 h. After that, the films were directly transferred to a vapor deposition system inside of a glove 
box. MoO3 (10 nm) and Ag (100 nm) were deposited via a mask under 3×10
–4
 Pa vacuum onto the 




, which was defined by the overlap 
of the ITO and Al electrode and was measured carefully using a microscope.  
All devices were fabricated and tested in a glove box with temperature: ~20 °C, oxygen: ~0.2 ppm 
and water: ~0.1 ppm. The J–V curves were recorded in backward scan direction and the efficiency 
was calculated from the J–V characteristics recorded by a Keithley 2400 source meter under 
illumination from a tungsten-halogen lamp filtered by a Hoya LB120 daylight filter at an intensity of 
100 mW cm
−2
, which was checked with a calibrated Si photodiode. 
EQE measurements were performed in a home-built setup. All devices were kept in a nitrogen-filled 
box with a quartz window and illuminated through a circular aperture with 2 mm diameter. The 
white light of a 50 W tungsten halogen lamp (Osram 64610) was modulated with a mechanical 
chopper (Stanford Research, SR 540) and passed through a monochromator (Oriel, Cornerstone 130). 
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For the EQE under bias light, a 530 nm high power LED (Thorlabs) was used to illuminate the solar 
cell simultaneously under the mechanically modulated monochromatic light and the unmodulated 
LED light. For both unbiased and bias EQE measurements, the differential photocurrent density was 
picked up by a lock-in amplifier. The current was recorded as the voltage over a 50 Ω resistance and 
was converted to EQE profile by comparing the data with a calibrated silicon reference cell. 
4.3 Capacitor fabrication and characterization 
The device structure was the same as the inverted solar cell by using an indium tin oxide (ITO)/ZnO 
(40 nm)/active layer (90 nm)/MoO3 (10 nm)/Ag (100 nm) structure. Sol-gel ZnO (thickness of 
around 40 nm, determined by a Dektak 6 M surface profilometer) was spin-coated onto the ITO-
coated glass substrate at a spinning rate of 4000 rpm for 60 s, followed by annealing at 150 °C for 5 
min. The polymers were dissolved in oDCB at 70 °C overnight. The active layer was then spin-
coated from the warm oDCB solution on top of the ZnO layer in a glove box. After spin-coating, the 
films were directly transferred to a vapor deposition system inside of a glove box. MoO3 (10 nm) and 
Ag (100 nm) were deposited via a mask under 3×10
–4
 Pa vacuum onto the active layer. The active 
area of the device is 16 mm
2
, which was defined by the overlap of the ITO and Al electrode and was 
measured carefully using a microscope.  
Impedance measurements were performed by using an electrochemical station (Solartron SI1260 
impedance/gain-phase analyzer) and a data acquisition software (SMaRT v3.3.1) with a DC level of 
0 V and AC perturbation voltage of 20 mV. All the measurements were performed in N2 atmosphere 
at room temperature. Impedance spectra were analyzed by ZView modeling software (Scribner). The 
geometric capacitance (Cg) was determined by fitting impedance response of the device to the 






C rg 0                    (4) 
where ε0 is the free-space dielectric constant, A is the active area of the device and d is the thickness 
of the active layer. 
4.4 Grazing incidence wide-angle X-ray scattering (GIWAXS) measurements  
Grazing incidence X-ray scattering characterization of the thin films was performed on beam 7.3.3. 
at the Advanced Light Source.[72] Samples were prepared on Si substrates by using the same 
procedure as that used for all-PSCs. A 10 keV X-ray beam was incident at a grazing angle of 0.12°–
0.16°, selected to maximize the scattering intensity from the samples. The scattered x-rays were 
detected using a Dectris Pilatus 2M photon counting detector. 
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